INTRODUCTION
In recent years, nitrogen contamination in wastewater has attracted more attention. Nitrate is one of the most ubiquitous pollutants; an excessive release of nitrate into the environment without effective control can lead to severe pollutant problems, such as river eutrophication, water quality deterioration and a potential hazard to human health (Puckett ) .
Nitrates in wastewater principally exist in the forms of organic nitrogen, ammonium, nitrate and nitrite, which mainly come from agricultural activities, domestic and industrial sewage (Barrabés & Sá ) . In China, prior to discharging into the environment, wastewater should be treated in the municipal wastewater treatment plants where biological processes have been widely applied to remove nitrates. However, sometimes the biological methods hardly provide the ideal denitrification performances, which require addition of a carbon source, appropriate pH value, hydraulic conditions, temperature, etc., leading to the high concentration of nitrates in the effluent which has become one of the common phenomena in China. Therefore, in order to reduce the nitrate pollution, currently, it is imperative to adopt an effective technology to deal with nitrates in effluent of wastewater treatment plants for water remediation.
Many approaches have been successfully developed, in principle, which can be classified as physico-chemical denitrification, biological and chemical reduction (Min et al. ) . However, conventional physico-chemical methods including ion exchange, reverse osmosis and electrodialysis (Soares et al. ) , require frequent regeneration of the media and still generate secondary brine waste, which will require another friendly system to treat. Biological denitrification, the most widely used method, needs the addition of a carbon source into the system to ensure better nitrate removal efficiency, and also produces excessive biomasses that require further treatment. Moreover, the microbial processes are generally slow and complicated (Fernandez et al. ) . Compared with these two treatment processes, the chemical reduction method has been widely employed due to its better nitrate removal performance, lower reaction time and easier management.
In 1989, some researchers proposed the method of catalytic hydrogenation to remove nitrate in water body (Vorlop & Tacke ) , which provided the theoretical basis for nitrate removal over bimetallic catalysts in the presence of reductant (H 2 ). The catalytic reduction has been gradually accepted as a promising technology for nitrate removal (Pintar ) . A lot of previous research has been carried out on the use of different reductants and catalysts to remove nitrate from water. Previous studies on the catalytic nitrate reduction have shown that bimetallic catalysts supported with palladium (Pd) and copper (Cu) are much more efficient (Aristizábal et al. ) .
It has been shown that supports may greatly affect the catalytic activity and selectivity of catalysts. Therefore, many supports have been reported by researchers, such as membrane, hydrotalcite, ceria, resin, polymers, polypyrrole, activated calcium carbonate, glass fibre (Soares et al. ). In light of further studies, γ-Al 2 O 3 has attracted increasing attention and has gradually become accepted as a key support material due to its unique properties of welldeveloped porosity, high specific surface area and promising mechanical stability (Ilinitch et al. ; Prusse & Vorlop ) .
Currently, H 2 has been regarded as an effective reductant to remove nitrate in the catalytic reduction. However, the difficulty in storage and transportation, low solubility of H 2 in aqueous media and complexity in controlling the optimal operational conditions (flow rate and pressure) limits its application for nitrate removal. Recently, some researchers (Choi et al. ) proposed that organic acid (e.g. HCOOH), which is in situ transformed to H 2 and CO 2 , can be efficiently employed as a reductant in the process of catalytic reduction of nitrate. However, HCOOH is one of the hazardous reagents, which is harmful to human health, therefore, selecting another substitution should be considered.
Over the last decade, numerous studies have focused on using zero-valent iron (Fe 0 ) for the removal of contaminants in water (Zhang et al. ; Wang et al. ) . Fe 0 is a reactive metal that has been seen as an effective reductant to remove NO 3 À due to its non-toxic, abundant, cheap properties and little maintenance for the reduction process (Ahn et al. ) . However, in this system, nitrate removal performance is mostly dependent on lower pH (Chen et al. ) , and especially ammonia was the dominant byproduct of the reduction process that needed another system to deal with (Huang & Zhang ) . Hence, a more promising system that can convert nitrate into harmless nitrogen gas should be developed. Taking all of these aforementioned into consideration, in this study, Fe 0 and Pd-Cu/γ-Al 2 O 3 were innovatively applied for the catalytic reduction of nitrate in wastewater. First, the appropriate reaction conditions were investigated, including Pd:Cu quality ratio, catalyst dosage, reaction time and pH, and then the catalytic reduction mechanism of nitrate was proposed based on the experimental results and literature.
MATERIALS AND METHODS

Materials
The catalysts (Pd-Cu/γ-Al 2 O 3 ) could be obtained through the traditional wet impregnation method (Saada et al. ) . PdCl 2 and CuCl 2 ·2H 2 O were used as metal precursors to obtain the desired content of metals coated on the supports. γ-Al 2 O 3 was employed as the carrier, which was characterized by its specific surface area of 252 m 2 /g and a mean particle diameter of 20 nm. Zero-valent iron (Fe 0 ) was used as the reductant.
Catalyst characterization
The specific surface area of the catalyst was determined by a Brunauer-Emmett-Teller (BET) surface area analyzer. The scanning electron microscopy (SEM) and ICP-OES (inductively coupled plasma optical emission spectrometry) were obtained to further observe the morphology and bimetallic elements analysis of Pd-Cu/γ-Al 2 O 3 . In order to assess catalyst stability, the dissolved amounts of Pd and Cu in the remaining solution were measured by atomic absorption spectroscopy after the reaction tests.
Experimental design
First, the artificial solution (20 mg/L NaNO 3 ) was prepared for the batch experiments. The catalytic performances of the catalyst (Pd-Cu/γ-Al 2 O 3 ) under different operational conditions (Pd:Cu mass ratio, reaction time, amount of catalysts and pH value) were investigated. Based on the above results, the real wastewater was used for the further tests under the optimum operational condition. Water samples were collected from the secondary effluent of a municipal wastewater treatment plant in Beijing, China.
All tests were performed in 150 mL necked flasks. 100 mL of nitrate solution (NaNO 3 ) or wastewater was added to each flask containing 0.5 g of Fe 0 . All flasks were placed in an electronic oscillator and stirred under 250 rpm at room temperature.
Laboratory measurement
Samples were taken periodically from the flasks for determination of nitrate, nitrite and ammonium concentrations. The nitrate removal efficiency and catalytic selectivity to N 2 were calculated as:
where C 0 is the initial concentration of nitrate in the solution (mg/L), C t is the nitrate concentration (mg/L) at time t (min) and C N 2 is the amount of N 2 produced (mg/L). N 2 content was calculated by a quantity balance, assuming that the NO x produced is negligible.
RESULTS AND DISCUSSION
Effect of Pd:Cu mass ratio on catalytic performance
As described in Figure 1 (a), Pd:Cu mass ratios were set as 1:0, 1:1, 2:1, 3:1, 4:1, 1:2, 1:3, and 1:4, respectively. It is obvious that the loading amount of two metals in bimetallic catalyst played a significant role in catalytic performance that has been proved by previous studies (Yoshinaga et al. ) . In Figure 1 (a), both nitrate conversion and N 2 selectivity maintained an upward trend and then declined. These parameters reached 77% and 65% at a Pd:Cu mass ratio of 3:1 and then remained stable. When only Pd loaded on support, the removal efficiency and N 2 selectivity both decreased and Cu can be used as a promoting metal (Pintar et al. ) . With the addition of Cu, the nitrate conversion and N 2 selectivity of catalyst improved, which attributed to the synergistic effect of Pd and Cu, but when Cu was overloaded (m Cu > m Pd ), nitrate conversion and selectivity exhibited a downward trend because the reaction mainly occurred at the Pd active site and were reduced with decreasing amount of Pd (Deganello et al. ) .
In addition, the byproducts were also analyzed. Results indicated that the removed nitrate was mostly converted to N 2 , whilst ammonium and nitrite are only minor parts under the optimal Pd:Cu mass ratio. Therefore, based on the results, the optimal Pd:Cu mass ratio was set at 3:1. The scanning SEM images of the catalysts (before and after reaction) shown in Figure 2 showed that the supported active metal clusters were visible and homogeneously dispersed on γ-Al 2 O 3 and the changes after reaction were not conspicuous. The ICP-OES analysis showed that Pd and Cu contents were accounting for 3.54% and 1.22%, respectively, and Pd: Cu ratio was 2.9:1, close to 3. X-ray diffraction (XRD) patterns (Figure 2(c) ) implied that Pd and Cu were both detected on γ-Al 2 O 3 , and no distinguished characteristic peaks of Pd, Cu or their Pd-Cu combination on the Pd-Cu/ γ-Al 2 O 3 catalyst. However, there appeared sharp Pd peaks in the XRD spectra of the Pd/γ-Al 2 O 3 catalyst. This finding indicated that the addition of the second metal Cu may improve the dispersion state of metal Pd or change the crystallinity of metal Pd. The XRD patterns of the catalyst before and after catalytic reaction demonstrated that no distinctive changes appeared after reaction, indicating the stability of the catalyst to some extent, which could also be proved by the atomic absorption spectroscopy analysis (no leaching of Pd or Cu was detected in the water body at the end of the reaction).
Effect of catalyst amount on catalytic performance
It has been proved that the amount of catalyst could greatly affect the catalytic performance (Gao et al. ) . As shown in Figure 1(b) , both the nitrate conversion and N 2 selectivity rose with increasing amount of catalyst, which reached roughly 76% and 63% when 0.4 g catalyst was used and then remained stable. The reason was that with an increase of catalyst amount, the catalytic capacity of Pd increased, which was effective for nitrate reduction. It is also considered that a high catalytic surface area provided more active sites, accelerating the reduction process (Chen et al. ) . The concentrations of byproducts were also measured. The finding indicated that N 2 was the dominant byproduct when the dosages were in the ranges of 0.2-0.5 g. Therefore, 0.4 g dose was chosen as the optimum dosage for the operation.
Effect of time on catalytic performance
Reaction time also affected the catalytic performance of the catalyst (Soares et al. ) . As shown in Figure 1(c) , N 2 selectivity reached about 64% after 120 min and then remained stable as time progressed. Similarly, the nitrate conversion rose steadily with increasing contact time, reaching 77% at 120 min, and then remained constant. N 2 began to predominate byproducts after 90 min of reaction. Therefore, in order to get steady results, 120 min was selected to be the optimal time. The data also demonstrated that sufficient contact time between the catalyst and the solution was necessary for nitrate removal.
Effect of pH value on catalytic performance
As seen in Figure 1(d) , the nitrate conversion decreased with the increase of pH, reaching the peak (95%) at 2.3 of pH. However, there was a different trend for the N 2 selectivity. When pH value was only in the range of 4-6, an improved catalytic selectivity (about 55%) could be obtained. Similarly, N 2 predominated the byproducts when pH was in the same range. Therefore, 5.1 was the optimal pH for the reaction.
Data showed that pH greatly influenced the catalytic performance, as proven in a previous study (Höller et al. ) . This finding was due to the association between the heterogeneous catalytic reduction reaction and the active sites on the catalytic surface (Fan et al. ) , where active H takes part in the reaction. A certain concentration of H þ could also prevent Fe 0 from oxidizing, thereby decreasing the catalytic activity and N 2 selectivity. Additionally, H þ concentration also could determine the variety of byproducts, which has been proved by the results shown above. All pH values were tested after reaction, which mildly increased, but still remained in the range of 7-9, meeting the requirements of the Chinese discharge standard of pollutants for municipal wastewater treatment plant (GB18918-2002).
Feasibility tests
Based on the results mentioned above, the optimal operational condition was established (0.5 g Fe 0 , 100 mL water samples, 4:1 Pd:Cu mass ratio, 0.4 g catalyst, 2 h reaction time and pH 5.1). The properties of wastewater adopted in this study were listed below: concentration of NO 3 À -N:
1.2 mg/L, pH: 6.7. The results are shown in Table 1 . Results demonstrated that improved catalytic performance could be achieved by using catalysts (Pd-Cu/γ-Al 2 O 3 ). 74% of nitrate removal efficiency could be reached. Additionally, the effluent TN concentration decreased to 10.3 mg/L (<15 mg/L) because a large part of the removed nitrate was converted to N 2 (62%). All indicators in Table 1 meet the required Chinese discharge standard of pollutants for municipal wastewater treatment plants ( GB18918-2002) . Results also implied that the removal efficiency of nitrate in wastewater remained lower than the experimental results that used NaNO 3 as sample water because the ion (e.g. HCO 3
À , SO 4 2-) in wastewater may influence the catalytic performance (Lemaignen et al. ) . The physical properties of the effluent were also investigated, with the addition of Fe 0 , the iron ion (mainly Fe 2þ ) could be detected.
Therefore, the coagulation or sedimentation processes should be followed to reduce the sewage's colour and Fe 2þ for reuse.
Reaction mechanism
Since nitrate reaction mechanism was proposed for the first time (Vorlop & Tacke ), a lot of investigations have been conducted on the hydrogenation of nitrate (using H 2 , etc., as reductant) with the supported bimetallic catalysts. In this study, instead of H 2 , Fe 0 was used as the reductant with the catalyst (Pd-Cu/γ-Al 2 O 3 ) to remove nitrate in solution. The mechanism is illustrated as a conceptual model in Figure 3 . The catalytic nitrate reduction mechanism by bimetallic catalysts is regarded as a heterogeneous catalysis reaction. In the redox process, Fe 0 primarily served as an electron donor to reduce nitrate (Huang et al. ) and the electron could bond with H þ in the solution, forming the active 
The standard electrode potential formula is Based on the experiments carried out above, it is believed that determining H þ concentration plays an important role in improving N 2 selectivity. When H þ is sufficient in solution (pH value ranges from 2 to 4), the reaction would possibly follow paths 1 and 2, as shown in Figure 3 . Finally, more ammonium is created, which dominates the products. N 2 is actually the desired byproduct to obtain, thus, the appropriate H þ concentration in solution should be strictly maintained by adjusting pH, thereby allowing the reaction to follow path 1 and reducing the probability of path 2 occurring. Additionally, the appropriate materials should be chosen as supports, which play a significant role in the N 2 selectivity (Soares et al. ) .
The metals Pd and Cu coated on γ-Al 2 O 3 are crucial for nitrate reduction. On one hand, atomic hydrogen could be activated on Pd, which can react with adsorbed nitrate. On the other hand, it has been found that metallic copper, as promoting metal, could reduce nitrate by producing cupric oxide (CuO) and was regenerated by hydrogen adsorbed on the Pd active site (Ilinitch et al. ) . Some researchers (Wang et al. ) assumed that tiny metal crystal particles were evenly distributed on the support, which were composed of Pd and Pd-Cu clusters. In the reduction process, NO 3 À -N was reduced to NO 2 À -N by H on the Pd-Cu cluster. Another catalytic reaction mainly occurred on the Pd cluster. Relevant research should be continuously conducted to investigate the underlying mechanism of catalytic nitrate reduction.
CONCLUSION
This study showed that Fe 0 with Pd-Cu/γ-Al 2 O 3 was effective to transform larger parts of nitrate into N 2 . 74% removal efficiency and 62% N 2 selectivity could be obtained with the optimum operational conditions of 5 g/L Fe 0 , 3:1 Pd:Cu mass ratio, 4 g/L catalyst amount, 2 h reaction time and 5.1 pH. Taking nitrate removal efficiency, byproducts, and water properties into consideration, the chemical catalytic reduction of nitrate in wastewater could be a feasible approach for advanced TN treatment of secondary effluent of wastewater treatment plants.
